Early human entrainment studies led to the belief that the primary entraining agent for humans was not light, but rather social interaction (Wever, 1979; Aschoff & Wever, 1981) . However, due to concerns about the design of these experiments (primarily the use of self-selected lighting schedules) and the subsequent demonstration that light cycles indeed can entrain human circadian rhythms (Czeisler et al. 1981; Wever et al. 1983; Honma et al. 1987a) , this belief is now considered unwarranted (Czeisler, 1995) . Numerous studies have reported that single pulses of bright light are capable of generating modest phase delay and phase advance shifts of the human circadian pacemaker (Honma et al. 1987b; Kennaway et al. 1987; Buresová et al. 1991; Dawson & Campbell, 1991; Laakso et al. 1993; Van Cauter et al. 1993; Samková et al. 1997; Honma et al. 1997; Parry et al. 1997b; Shanahan et al. 1999; Zeitzer et al. 2000) . Several studies have determined the phase-dependent phase shifting effects of bright light by applying single pulses at two different phases (Honma et al. 1987b; Dawson et al. 1993; Van Cauter et al. 1993) .
The best quantification of the phase dependence of lightinduced phase shifts is obtained by deriving a phase response curve (PRC), in which the response to a specific light stimulus is evaluated thoroughly and systematically over the entire circadian cycle. The exact shape and timing of the resulting PRC provides precise information concerning the overall relationship between phase shift magnitude and circadian phase of the stimulus over the entire circadian cycle.
There have been five previous reports of PRCs to light in humans. A comprehensive study using three consecutive days containing 5 h exposures of bright light revealed a type 0 PRC (Czeisler et al. 1989) in which phase shifts as large 12 h were observed when the stimulus was centred near the core body temperature minimum. The four other PRC studies employed single light pulses but presented insufficient data for adequate resolution of phase dependence. The earliest study (Honma & Honma, 1988) reveals a PRC without a significant phase-delay region, which is clearly inconsistent with the reports of many studies from other laboratories that have routinely demonstrated phase delays to single light pulses. Furthermore, the PRCs derived, one for 3 h and one for 6 h light pulses, consisted of only nine and eight data A phase response curve to single bright light pulses in human subjects Sat Bir S. Khalsa, Megan E. Jewett, Christian Cajochen and Charles A. Czeisler Division of Sleep Medicine, Department of Medicine, Brigham and Women's Hospital, Harvard Medical School, Boston, MA, USA The circadian pacemaker is differentially sensitive to the resetting effects of retinal light exposure, depending upon the circadian phase at which the light exposure occurs. Previously reported human phase response curves (PRCs) to single bright light exposures have employed small sample sizes, and were often based on relatively imprecise estimates of circadian phase and phase resetting. In the present study, 21 healthy, entrained subjects underwent pre-and post-stimulus constant routines (CRs) in dim light (~2-7 lx) with maintained wakefulness in a semi-recumbent posture. The 6.7 h bright light exposure stimulus consisted of alternating 6 min fixed gaze (~10 000 lx) and free gaze (~5000-9000 lx) exposures. Light exposures were scheduled across the circadian cycle in different subjects so as to derive a PRC. Plasma melatonin was used to determine the phase of the onset, offset, and midpoint of the melatonin profiles during the CRs. Phase shifts were calculated as the difference in phase between the pre-and post-stimulus CRs. The resultant PRC of the midpoint of the melatonin rhythm revealed a characteristic type 1 PRC with a significant peak-to-trough amplitude of 5.02 h. Phase delays occurred when the light stimulus was centred prior to the critical phase at the core body temperature minimum, phase advances occurred when the light stimulus was centred after the critical phase, and no phase shift occurred at the critical phase. During the subjective day, no prolonged 'dead zone' of photic insensitivity was apparent. Phase shifts derived using the melatonin onsets showed larger magnitudes than those derived from the melatonin offsets. These data provide a comprehensive characterization of the human PRC under highly controlled laboratory conditions. points, respectively, distributed unevenly over the circadian cycle. As a result there were significant gaps in the PRC, with one of them over 7 h long (almost one-third of the entire cycle) (Honma & Honma, 1988) . A subsequent study by Minors et al. (1991) shows PRCs with a similar paucity of data. Using one experimental protocol, 10 data points are presented, whereas in another only six are presented, and gaps in the PRC appear for periods as long as 11 h, or almost half of the circadian cycle. The phase-delay region of the curve was especially poorly defined. Interpretation of these data is further complicated by the use of two different light intensities (5000 and 9000 lx) for the light stimulus and the use of mathematical methods, rather than a constant routine (CR) protocol to eliminate masking effects on the phase measurement variable (core body temperature) -a procedure that can lead to inaccurate phase estimates (Klerman et al. 1999) . Another study, which was a preliminary retrospective analysis, also suffers from a lack of data (Jewett et al. 1994) . Only 11 data points were acquired, resulting in poor characterization of the early portion of the phase-delay region, and the region of peak amplitude of the advance region of the PRC. Furthermore, the light pulse duration was inconsistent, varying in duration from 4.0 to 6.2 h. Finally, the most comprehensive single pulse PRC study by employed well-controlled conditions and methodology including a CR to assess the circadian phase. However, the experimental protocol in this study incorporated the pre-stimulus circadian phase assessment, the light exposure stimulus, and the poststimulus circadian phase assessment in a single fixedduration CR. Consequently, they were only able to report phase shifts for a region spanning less than half of the circadian cycle; in order to span the entire circadian cycle, CR durations would have had to be extended substantially. Therefore, in order to construct a more comprehensive PRC to single light pulses we have administered bright light over the entire range of circadian phases and have used a precise method (the entire plasma melatonin profile assessed in dim light with controlled posture) to assess circadian phase resetting.
METHODS
Prior to admission to the laboratory all subjects were screened for any current or previous medical and psychiatric disorders or abnormalities as revealed by urine and blood testing, electrocardiographic recording, physical history and examination, psychometric testing, and psychological interview. Subjects with a history of any regular night work within the past 3 years or travel across more than two time zones within the past 3 months were excluded. Subjects maintained a regular 8 h sleep schedule based upon their habitual sleep and wake times for at least 2 weeks prior the start of the study. Compliance was verified using a timestamped voicemail phone answering system that subjects called at each sleep and wake time. For at least the last week prior to starting the study, compliance was further verified by actigraphy (Ambulatory Monitoring Inc., Ardsley, NY, USA). Subjects were required to abstain from caffeine, nicotine, alcohol and all medications or supplements prior to the start of the study; compliance was evaluated by a urinary toxicology screen upon admission to the laboratory. Subjects who were successfully screened and began the study were also required to exhibit a normal circadian rhythm in core body temperature with a minimum fitted amplitude of 0.14°C during the first CR (see below) before they were qualified to continue the study (Czeisler et al. 1989; Duffy et al. 1996; Jewett et al. 1997; Shanahan et al. 1999; Zeitzer et al. 2000) . Subjects were then randomly assigned to a circadian phase for receiving their bright light exposure. All subjects were informed of study procedures and their status as volunteers prior to participation, gave their informed consent, and were paid for their participation. The experimental protocol was approved by the institutional review board of Brigham and Women's Hospital and all procedures used conformed with the Declaration of Helsinki.
Subjects remained in a private laboratory suite to which only technicians and investigators had access for the duration of the study. An environment free of usual time cues was maintained such that subjects had no access to information concerning the time of day or day of the week. The 9 or 10 day in-laboratory segment of the study protocol ( Fig. 1 ) began with three baseline days with 8 h sleep episodes in darkness scheduled at their habitual times, and 16 h of ambulatory wakefulness in < 150 lx. Upon waking from the third sleep episode, subjects began a prestimulus CR, which lasted from 27.1 to 49.7 h on days 4-5 of the protocol. The duration of the pre-stimulus CR, and therefore, the timing of the following light exposure day, was varied systematically across the 24 h day at 2 h intervals in different Consecutive days are plotted from top to bottom. Clock time is indicated on the horizontal axis. The protocol began with three 24 h baseline days on the subject's habitual sleep-wake schedule with 16 h wake episodes in < 150 lx illumination (^) and 8 h sleep opportunities in darkness (4). A pre-stimulus CR in dim light (< 15 lx, $) began on day 4 and continued until the 8 h sleep episode on day 5. The light exposure day consisted of 16 h of ambulatory wakefulness in dim light, interrupted by a seated 6.7 h bright light exposure (~10 000 lx fixed gaze, 5) centred in the middle of the wake episode. A subsequent 8 h scheduled sleep episode was followed by a post-stimulus CR and a recovery sleep episode. The timing of the melatonin midpoints for evaluation of the phase shift is indicated by 9. For this subject, the light exposure generated a phase delay of _3.60 h in the melatonin midpoint. .
) by on April 13, 2009 jp.physoc.org Downloaded from J Physiol ( subjects. This timing was calculated relative to either the phase of the fitted core body temperature minimum during the prestimulus CR (n = 16), or to the timing of the subject's habitual wake time (n = 7). Following the pre-stimulus CR, subjects underwent a light exposure day on day 6 consisting of an 8 h sleep episode, an ambulatory 16 h wake episode with a seated 6.7 h bright light exposure (see below for details) centred in the middle of the wake episode, and another 8 h sleep episode. Subjects then underwent a post-stimulus CR of 30.9 to 65.2 h duration that was followed by a final sleep episode. The 10 day protocol was identical to the 9 day protocol, except that the post-stimulus CR was 15 h longer and the final sleep episode was 14 h long.
The CR protocol consisted of continuous enforced wakefulness in a semi-recumbent posture. Subjects were restricted to the bed for the entire CR. Hourly snacks and fluids were provided in order to maintain evenly distributed caloric and fluid intake throughout the CR. Technicians were present at all times to assist the subjects in maintaining wakefulness and to ensure protocol compliance.
All lighting was delivered from fluorescent bulbs mounted throughout the ceiling behind lexan panels, which blocked ultraviolet light. During wake-time on the baseline days, subjects were exposed to < 150 lx in the maximum reasonable angle of gaze (typical illumination in the angle of gaze ranged from ~60 tõ 130 lx). During all sleep episodes subjects were in darkness and did not have access to any light sources. From the beginning of the first CR until discharge at the end of the study, illumination was maintained at < 15 lx in any angle gaze (typical horizontal angle of gaze ranged from ~2 to ~7 lx). For the bright-light exposure, subjects were seated throughout and were accompanied by a technician. They were instructed to fix their gaze at a target on the wall near to the ceiling. For 3 min at the start of the bright-light exposure, the illumination was gradually increased to a final intensity of ~10 000 lx in this fixed angle of gaze at this target, followed by 3 min of maintained fixed gaze at the ~10 000 lx intensity. This was followed by alternating 6 min episodes of free gaze about the room and 6 min episodes of fixed gaze at the target. During the free-gaze episodes, subjects experienced illumination ranging from ~5000 to ~9000 lx depending upon their angle of gaze during this interval. The last 6 min fixed-gaze episode consisted of 3 min at the ~10 000 lx intensity, followed by 3 min during which the illumination was gradually reduced to the prestimulus dim intensity level of < 15 lx. The total light exposure duration was 6.7 h. This stimulus duration was selected to ensure that the phase shifts would be of sufficient magnitude to yield a statistically significant PRC amplitude, and because this protocol was part of a series of comparison studies including PRCs to two and three consecutive stimuli, which required stimuli of sufficient duration to generate amplitude suppression and type 0 resetting, respectively. Technicians monitored subjects throughout the entire light exposure to implement the timing of the fixed and free-gaze episodes, record the illumination received by the subjects in their angle of gaze for each 6 min episode, and ensure that subjects kept their eyes open and received the light exposure at the scheduled times.
Core body temperature was recorded throughout the study at 1 min intervals with a rectal temperature thermistor (Yellow Springs Instrument Company, Yellow Springs, OH, USA). The amplitude of the circadian rhythm of core body temperature during the CR was evaluated from a dual-harmonic least-squares fit to the data with correlated noise (Brown & Czeisler, 1992) . Beginning on day 2 of the protocol, blood samples were collected at 30 min intervals from an indwelling intravenous catheter throughout the entire study protocol. Hourly saliva samples were routinely collected during CRs in the event that blood samples could not be collected. Plasma or salivary melatonin concentration was determined by radioimmunoassay (DiagnosTech, Osceola, WI, USA). Three different evaluations of phase from the individual daily plasma melatonin profiles were performed. For the evaluation of melatonin onset, offset, and midpoint, the peak amplitude of a 3-harmonic fit to the raw data from the melatonin profile in the pre-stimulus CR was first calculated. Melatonin onset (DLMOn) for both the pre-and post-stimulus melatonin profiles was then defined as the time at which the rising phase of the melatonin profile (using linear interpolation between relevant data points) crossed a threshold value of 25 % of the fitted 3-harmonic peak amplitude. Melatonin offset (DLMOff) was defined as time at which the falling phase of the melatonin profile crossed the 25 % threshold. Melatonin midpoint was defined as the average time between DLMOn and DLMOff for each melatonin profile. Melatonin phase shifts were evaluated as the difference in clock time between the melatonin phase evaluated during the pre-stimulus CR, and the melatonin phase evaluated 3 days later during the post-stimulus CR. As per normal convention, phase delays are plotted in all figures as negative values and phase advances as positive values.
RESULTS
Forty-three subjects were successfully screened, impanelled, and randomized into the study. Of these, one subject withdrew from the study, two were disimpanelled for failing to meet the core body temperature amplitude criteria on the pre-stimulus CR, three were disimpanelled due to onset of illness during the study, and two were disimpanelled due to errors in execution of the protocol. Of the remainder, 23 male (n = 16) and female (n = 7) subjects aged 19-44 years (average = 27.16 ± 7.46 years (S.D.)) were randomized to a 9 (n = 17) or 10 (n = 6) day bright light study protocol. Plasma melatonin data sufficient to determine phase shifts were acquired from 21 of these subjects. Sufficient blood and saliva samples were unavailable from one subject. Blood sampling was unavailable in another subject (18K8) throughout the study; melatonin phase for this subject was determined from salivary melatonin collected every 30 min during both CRs. The midpoint of the melatonin profile on the pre-stimulus CR (n = 23, including the salivary assay) occurred at an average ± S.D. of 4.05 ± 0.78 h (range: 2.69-5.79 h) before the subjects' habitual wake times, which is considered a normal phase relationship in entrained subjects ).
An example of the melatonin data from a subject experiencing a phase delay to a light exposure is shown in Fig. 2 . Using the midpoint of the melatonin profile on the pre-and post-stimulus CRs as a phase marker, phase-delay shifts of up to _3.60 h and phase-advance shifts of up to +2.01 h were observed in response to the single 6.7 h bright-light exposure. The full PRC to this stimulus is shown in Fig. 3 and is plotted relative to the phase of the Human phase response curve to bright light J Physiol 549.3 melatonin midpoint (22 h) determined on the prestimulus CR, which occurs approximately 2 h before the fitted core body temperature minimum (circadian phase 0 h). The data from circadian phases 6-18 have been double plotted to better demonstrate the PRC shape. A dual harmonic sinusoidal regression of the raw data reveals a peak-to-trough amplitude of the PRC of 5.02 h, with a 95 % confidence interval that does not include zero. Because there were 3 intervening days between the preand post-stimulus phase assessments and the endogenous circadian period for each subject was unknown, it was not possible to separately determine the relative amplitude of the phase-delay and phase-advance regions of the PRC with any certainty. Therefore, the horizontal baseline in Fig. 3 (dashed line) is plotted based upon an anticipated average delay drift of the pacemaker of 0.18 h per day (i.e. an average circadian period of 24.18 h) . Using this baseline and the sinusoidal regression, the baseline-to-peak amplitude of the phase-advance region at circadian phase 4.05 h is 2.32 h, and that of the phase-delay region at circadian phase 19.38 h is 2.70 h. A relatively rapid transition from phase delays to phase advances occurs near circadian phase 0 h and a somewhat more gradual transition from phase advances to phase delays occurs in the subjective day approximately 12 h later.
The PRCs derived using DLMOn (defined to occur at circadian phase 17 h) and DLMOff (defined to occur at circadian phase 3 h) are shown in Fig. 4A and B, respectively. Again, the circadian phases are plotted so that the core body temperature minimum is estimated to occur at approximately circadian phase 0 h. The general waveform characteristics of these PRCs are similar to those for the melatonin midpoint PRC. Dual harmonic sinusoidal regression fits through the data reveal a fitted peak-to-trough amplitude of 5.41 h for the DLMOn data and of 4.60 h for the DLMOff data, with 95 % confidence S. B. S. Khalsa, M. E. Jewett, C. Cajochen and C. A. Czeisler 948 J Physiol 549.3 Figure 3 . The PRC to the bright light stimulus using melatonin midpoints as the circadian phase marker Phase advances (positive values) and delays (negative values) are plotted against the timing of the centre of the light exposure relative to the melatonin midpoint on the pre-stimulus CR (defined to be 22 h), with the core body temperature minimum assumed to occur 2 h later at 0 h. Data points from circadian phases 6-18 are double plotted. The filled circles represent data from plasma melatonin, and the open circle represents data from salivary melatonin in subject 18K8 from whom blood samples were not acquired. The solid curve is a dual harmonic function fitted through all of the data points. The horizontal dashed line represents the anticipated 0.54 h average delay drift of the pacemaker between the pre-and post-stimulus phase assessments. ) by on April 13, 2009 jp.physoc.org Downloaded from J Physiol ( intervals that do not include zero. The relationship between phase shifts calculated using DLMOff and those calculated using DLMOn is plotted in Fig. 4C , together with a linear regression through these data points (solid line). This regression is highly significant (r 2 = 0.92) with a slope of 0.84 (95 % confidence interval: 0.73 to 0.96). This suggests that phase shifts measured by DLMOff are smaller than those measured by DLMOn, since the slope of the correlation is significantly lower than unity. Furthermore, a paired t test analysis reveals that phase shifts evaluated with the DLMOn marker are significantly different from those evaluated with the DLMOff marker (P < 0.05). This holds true even when the phase shifts are corrected by the average anticipated overall drift in phase between the pre-and post-stimulus phase assessments of 0.54 h (0.18 h day _1 w 3 days).
DISCUSSION
The PRC to the single bright light stimulus in this study is consistent with type 1 resetting. Generally, phase delays are generated for pulses centred before circadian phase 0 h, and phase advances are generated for pulses centred after circadian phase 0 h. Unlike the previously reported type 0 PRC, in which light pulses centred very near the critical phase at the core body temperature minimum produce phase shifts as large as 12 h in magnitude (Czeisler et al. 1989) , phase shifts in the type 1 PRC presented here are near zero when the light stimulus is centred close to circadian phase 0 h. The transition from delays to advances in this critical region of the PRC is rapid, while the transition from phase advances to phase delays during the subjective day is more gradual. These results support our contention that humans are capable of both type 1 and type 0 resetting depending upon the strength of the resetting stimulus applied (Kronauer et al. 1993) . These results also support our position that three iterations of this single pulse PRC cannot explain the type 0 resetting observed in response to three consecutive pulses of bright light (Kronauer et al. 1993; Beersma & Daan, 1993) .
The phase shift magnitudes reported in this study are similar to those reported in other studies of light-induced phase shifts in humans. The phase delays in this study are also consistent in magnitude with those reported to single light pulses in an intensity response curve recently reported by Zeitzer et al. (2000) , in which phase delay magnitudes of about _3 h were observed for light intensities from 1000 to 10 000 lx in a very similar experimental protocol. Because the free-running periods of the subjects are not known, it is not possible to be certain of the degree to which circadian phase drifted between the pre-and post-stimulus phase estimates. This precludes any definitive analysis of the relative magnitude of the phase-delay and phase-advance regions of the PRC. However, assuming an average free-running period of 24.18 h, the phase-delay and phase-advance regions appear roughly equivalent in magnitude, consistent with predictions of the mathematical model of Kronauer et al. (1999) . On the other hand, the marginally larger size of the phase delay relative to the phase advance (2.70 h vs.
h), if real, would be consistent with data from other
Human phase response curve to bright light J Physiol 549.3 949 Figure 4 . Comparison of the PRCs using melatonin onset (DLMOn) and offset (DLMOff) A and B, PRCs plotted as in Fig. 3 , except that all values are single plotted. The horizontal dashed line represents the anticipated 0.54 h average delay drift of the pacemaker between the pre-and post-stimulus phase assessments. The fitted peak-to-trough amplitude of the DLMOn PRC (5.41 h) appears slightly larger than that of the DLMOff PRC (4.60 h). C, correlation between the DLMOn and DLMOff phase shifts. The continuous line with a slope of unity represents identical phase shifts between the two phase markers. The dotted line is the linear regression through the data points with a slope (0.84) significantly less than unity (P < 0.05). This indicates that both phase advances and phase delays determined using DLMOff tend to be smaller than those determined using DLMOn. ) by on April 13, 2009 jp.physoc.org Downloaded from J Physiol ( PRC studies also showing slightly larger phase delays than advances (Minors et al. 1991; Dawson et al. 1993; Jewett et al. 1994; . The peak-to-trough amplitude of the PRC (from the maximum phase delay to the maximum phase advance) is about 5 h. This agrees well with the peak-to-trough amplitude in two PRC studies using bright light exposures of about 6 h in duration (Jewett et al. 1994; Honma & Honma, 1988) . PRCs using 3-4 h duration bright light pulses have reported peak-totrough amplitudes of about 3-4 h (Minors et al. 1991; Dawson et al. 1993; . Given the significant protocol differences between this study and previous PRC studies in terms of light stimulus characteristics, background lighting conditions, recording conditions, and phase markers used, this degree of consistency in results suggests that the PRC to single bright light pulses is a robust and replicable phenomenon.
The subjective day region of the PRC in many organisms is characterized by a region of relative insensitivity to lightinduced resetting, and has been described as a 'dead zone' of the PRC. However, there is no evidence of a significant dead zone in this study (see Figs 3 and 4) . Phase advances diminish gradually during the course of the early subjective day, ultimately yielding to gradually increasing phase delays later in the subjective day. This suggests that the human circadian pacemaker is sensitive to lightinduced resetting throughout the subjective day. This absence of a dead zone is consistent with that typically observed in diurnal, but not nocturnal, rodents (Pohl, 1982) , for the type 0 PRC in humans (Jewett et al. 1997) , and possibly with PRCs observed in primates (RauthWidmann et al. 1991; Hoban & Sulzman, 1985) . However, it is also possible that the long duration of the light stimulus in this study could be obscuring the presence of a dead zone, which might be revealed in a PRC to a shorter duration stimulus.
Studies examining the profile of melatonin secretion in rodents following phase shifts to light stimuli have indicated that the onset and offset of melatonin secretion do not always phase shift in a parallel manner. Accordingly, the hypothesis has been suggested that there may be two coupled oscillators, an evening or E oscillator associated with melatonin onset, and a morning or M oscillator associated with melatonin offset (Pittendrigh & Daan, 1976; Illnerová & Vanecek, 1982; Elliott & Tamarkin, 1994; Illnerová & Sumová, 1997) . Illnerová and coworkers have observed that following phase-delaying light stimuli in rats, the shift in pineal N-acetyl-transferase (NAT, the biochemical precursor to melatonin secretion) onset is immediate. The phase delay in NAT offset is generally slightly smaller than that of NAT onset and increases rapidly in magnitude over subsequent days. Following phase-advancing light stimuli, it is the shift in NAT offset that is immediate, whereas the shift in NAT onset is notably smaller and may be negligible at first (reviewed in Illnerová & Sumová, 1997) . In contrast to the pattern of light-induced phase delays noted in rats above, Elliott & Tamarkin (1994) have reported a tendency for the melatonin offset in hamsters to shift before that of the melatonin onset following phase-delaying light pulses. However, their results following phase-advancing light stimuli concurred with those of Illnerova & Sumová (1997) , with the shift in melatonin offset occurring immediately, whereas the shift in melatonin onset advances only after several days of transient adjustment.
It is difficult to make a thorough comparison of the relative phase shifting tendency of melatonin onset and offset between this study and those of the rodent studies. Unlike the rodent studies, this study has not examined the full time course of phase-shift magnitude on subsequent days following the bright light stimulus. However, it is interesting that the tendency in this study is for phase shifts in melatonin onset to be larger than those in melatonin offset throughout the PRC, which is in sharp contrast to the observations in rodents for phase-advance shifts, in which the onset of NAT or melatonin undergoes marked transient behaviour before the phase advances are equivalent in magnitude to those observed in the offset of NAT or melatonin.
Other human studies reporting on the light-induced phase shifts of melatonin onset and offset also provide mixed results as to which phase marker shows the larger phaseshifting response. Although results from some laboratories have suggested a tendency for the phase shift in melatonin onset to be greater than the phase shift in melatonin offset (Lewy et al. 1985; Foret et al. 1993; Laakso et al. 1993; Deacon & Arendt, 1994; Hashimoto et al. 1997; Van Cauter et al. 1998) , others have suggested the opposite relationship (Cagnacci et al. 1997; Parry et al. 1997a,b) , and others has reported mixed results in separate studies (Buresová et al. 1991; Samková et al. 1997) . The most important factor that may explain these contradictory findings in the relationship between the phase shift observed in melatonin onset and offset in response to a light regimen is that these studies have employed a wide variety of light interventions and experimental protocols with different light intensities and durations, making comparisons across studies problematic. Therefore, a definitive evaluation of the relative behaviour of phase shifts in melatonin onset and offset must await controlled in-laboratory studies, ideally with multiple phase assessments following the light exposure to evaluate any transient behaviour of the phase markers.
Although light is considered to be the dominant synchronizing agent for circadian rhythms, a recent entrainment study in a blind individual (Klerman et al. 1998) , and studies evaluating the phase-shifting effects of exercise suggest that non-photic agents may have effects on the human circadian pacemaker. In this study protocol, the sleep-wake, activity and social interaction schedule have been shifted concurrently with the light stimulus. It is therefore possible that the phase shifts observed in this study include a contribution from non-photic cues. The appropriate control experiment required to definitively quantify this contribution would be to shift the sleep-wake schedule in darkness, a protocol that is technically very difficult to conduct in sighted human subjects. However, previous studies in our laboratory employing protocols very similar to that of this study have shown that the contribution of non-photic agents must be minimal, if present at all. Duffy et al. (1996) demonstrated that shifting the sleep-wake and activity schedule for 3 consecutive days with a bright light stimulus targeted to generate either phase advances or phase delays, yielded robust phase shifts. However, identical control protocols for both the phase-advancing and phase-delaying schedules in the absence of bright light yielded only small phase delays consistent with the anticipated drift of the pacemaker due to the longer-than-24 h average period expected for human subjects . Zeitzer et al. (2000) have shown that reduction of the light intensity in a phase-delaying light stimulus reduces the phase-shift amplitude in a predictable manner, and that despite a shift in the sleep-wake schedule, the stimuli with the lowest light intensities yield minimal phase delays, again consistent with the drift due to circadian period. Similarly, a recent study in our laboratory evaluating shifts of the sleep-wake and activity schedule in dim light at a variety of circadian phases has revealed very small phase shifts which are similar in form to the PRC in this study, suggesting that dim light exhibits small phase-shifting effects, and reaffirming that the contribution of non-photic cues, if any, is minimal (unpublished observations).
The data in this study have provided for a comprehensive characterization of the human PRC under highly controlled laboratory conditions. The PRC data from this study, together with the data from the intensity response curve of Zeitzer et al. (2000) , provide information necessary for accurately predicting the response of the human circadian pacemaker to a specific light stimulus at a specific circadian phase. This has practical relevance for the design of light exposure interventions for resetting the circadian pacemaker in conditions such as shift work, sleep disorders with a circadian component, and jet lag. Furthermore, these data also suggest that the pattern of daily light exposure to both bright outdoor illumination during the day-time as well as indoor artificial illumination during both day-time and night-time significantly contributes to the subsequent timing and entrainment of the circadian pacemaker.
